The goal of this research is to improve the modular stability and programmability of DNA-based computers and in a second step towards optical programmable DNA computing. The main focus here is on hydrodynamic stability. Clockable microreactors can be connected in various ways to solve combinatorial optimisation problems, such as Maximum Clique or 3-SAT. This work demonstrates by construction how one micro-reactor design can be programmed to solve any instance of Maximum Clique up to its given maximum size (N). It reports on an implementation of the architecture proposed previously [1] . This contrasts with conventional DNA computing where the individual sequence of biochemical operations depends on the specific problem. In this pilot study we are tackling a graph for the Maximum Clique problem with N ZLWK D VSHFLDO HPSKDVLV IRU 1 )XUWKHUPRUH WKH GHVLJQ RI WKH DNA solution space will be presented, which is symbolised by a set of bit-strings (words).
INTRODUCTION
DNA computing involves a multidisciplinary interplay between molecular biology, information science, microsystem technology, physical detection methods and evolution. Since the first practical example of DNA computing by Adleman [2] in 1994, there has been intensive research into the use of DNA molecules as a tool for calculations, simulating the digital information processing procedures in conventional computers. In the short term, however, the main application of DNA computing technology will be rather to perform complex molecular constructions, diagnostics and evolutionary tasks. In order to assess the limits of this technology, we are investigating a benchmark computational problem: Maximum Clique, chosen as an NP-complete problem because of its limited input information [3] . The step from batch processing in test tubes to pipelined processing in integrated micro-flow reactor networks, gives us complete control over the process of information flow and allows operations much faster than in conventional systems. More importantly, it allows programming. 
BENCHMARK PROBLEM MAXIMUM CLIQUE
The decision problem associated with the maximum clique problem becomes rapidly harder to solve (it is NP-complete) as the problem size increases. Maximum clique requires finding the largest subset of fully interconnected nodes in the given graph (e.g., Fig. 1) . To obtain the set of cliques and then determine its largest member using a micro-flow system, an algorithm was devised consisting of a series of selection steps, each containing three parallel selection decisions [1] .
The problem can be divided into two parts: (i) find all the subsets of nodes which correspond to cliques in the graph and (ii) find the largest one. The basic algorithm is simple: for each node i (i ≥1) in the graph retain only subsets either not containing node i or having additionally only nodes j such that the edges (i,j ) are in the graph. This can be implemented in two nested loops (over i and j), each step involving two selectors in parallel.
A third selector was introduced to allow the selector sequences to be fixed independently of the graph instance. Thus the graph dependence is programmed not by which but by whether a sub-sequence selection in the third selector is performed (see Fig. 2 ). It is important to note that only positive selection for sequences with the desired property is performed, not subtractive selection. The edges of the graph, i.e. the connections between the nodes, can be represented by a so called connectivity matrix.
The connectivity matrix for the 6-node example shown in Fig. 1 is the 6x6 matrix in Table 1 . As Table 1 shows, the matrix is symmetrical over the diagonal, while the diagonal is trivially one, reducing the number of necessary selections from N 2 to ½N(N-1). 
SELECTION PROCEDURE
Each DNA sequence encodes a binary sequence corresponding to a particular subset of nodes in the graph. Different DNA sub-sequences are used to represent presence (1) or absence (0) at each node. As shown in Fig. 2 , each selection step consists of 3 selectors in parallel. After each selection step, the sub-population is passed on to the next selection step. Each selection module is coded with short single stranded selection-DNA strand (ssDNA) from a finite set of 2N predefined sequences.
Following the selection algorithm as described above, the final population of DNA-sequences will consist of all the possible cliques represented in the given graph. For the example given graph in Fig.1 , Table 2 shows all the possible cliques.
To determine the maximum clique, a sorting procedure has to follow to select the DNA-sequence with the largest number of bits with the value 1. As shown in the example, Table 2 , this would be 101001 (ACF), which with 3 bits of value 1 represents the maximum clique. Sorting can be performed by electrophoresis or a sorting module on chip with the same working principle as the STMs [1, 4] . 
DNA LIBRARY
The DNA library has been designed to be constructed in compatible stages for N=6, 12, 20, 32 [4] . Here we review the partition of the library up to N=12. The N=6 problem employs only the first half of the sequences.
The DNA molecules used consist of a series of 12 words which assume a value of either 1 or 0. This gives us a certain flexibility in the choice of a optimal set for the case N=6. The word design is a compromise between maximal specificity of the pairing of the DNA words with complementary probes immobilised on magnetic beads and minimal secondary structure of the single-stranded DNA analysed. Since every word not only represents a bit value, but also the bit position, all DNA words must be unique.
In the original work on the Maximal Clique Problem, the length of the 1 and 0 words were different, which helped to identify the maximal clique from a mixture of all cliques by chromatography [3] . A fixed word length with an identical G+C content (50 %) was chosen in order to obtain comparable melting points (in contrast, Ouyang et al. [3] used restriction cleavage for selection). A word length of 16 nt is long enough to ensure specific hybridisation and short enough to minimise secondary structure. Unlike the design used by Faulhammer et al. [5] , we did not create constant boundary regions between the bits but checked all the overlap regions for non-specific binding. Furthermore, the purification of the library is easier if one uses a fixed length.
DNA-COMPUTER SET-UP MICROREACTOR STRUCTURES
The above procedure can be implemented into a network of micro-reactors. To this end we have developed a module which is able to make positive selections from a population of specific DNA sequences. To transfer actively the selected DNA sequences to the appropriate output, they are transferred from one flow to another by moving paramagnetic beads, on which single stranded selector-DNAs complementary to a nodal sub-sequence is immobilised [1] . The DNA strands in solution hybridise to the selector-strands and are thus transferred to another channel in the micro-flow reactor where they are de-hybridised and passed on to the next selection procedure. To optimise the transfer process of only the appropriate sequences, a washing step has to be performed so as to rinse off the non-specific bound DNA sequences. De-hybridisation is performed by using an alkali solution (NaOH), adjusted in concentration for the common "melting" temperature of the hybridised DNA strands. Because of the change in pH at the de-hybridisation 
Table 3. All the necessary selection steps, for a graph of up to N=6 nodes, needed to determine the existence of edges between nodes i and j. The letter indicates the nodes while the indices denote the bit value (0 or 1). Ø is an empty STM. The shaded area is determined by the edge between nodes i and j.
step, a subsequent neutralisation step is necessary after each selection stage before flowing the selected DNA into the next module. This procedure has been successfully applied as shown by Penchovsky et al. [6] . A typical selection module is shown in Fig. 4 .
To prevent the beads from flowing to other STMs, a bead-barrier has been added to the design, which stops the beads from disappearing down the channels. Experiments and simulations have shown that this design is necessary to ensure a correct flow (Fig. 5) . More results will be published elsewhere.
For this work we constructed microflow reactors for N=6. There are 2N selection-strands needed, the 0 and 1 bit representation of the N nodes. This number determines the architecture of the DNA-computer microstructures. Table 3 shows all the ssDNAs necessary to perform the clique selection for a graph of N=6. The selection-strand A 1 is not present due to the fact that it would only be needed to solve the trivial case when comparing node A to itself. The shaded area indicates the positions which must be programmed according to the connectivity matrix. If there is no connection, this field stays empty (Ø) and then only two ssDNAs are needed in the corresponding reactor. For the example presented in Fig. 1 , the first column, checking the connectivity with node A, would contain beads labelled with (Ø C 1 Ø Ø F 1 ) successively.
It is clear from this Table, that the design of the DNA-computer is determined by the problem type and algorithm choice, which is reflected in the number of reactors. For short term convenience the number of STMs can be matched to the graph being studied, but this is not a principle limitation. Figure 6 shows the total lay-out for the clique and subset size selection microflow reactor for the case of problems up to N=6, thus consisting of 15 reactors , plus one additional reactor to stabilise the flows but with no other functionality. In order to allow the magnetic beads to move uniformly from left to right in all the STMs over the entire microflow reactor, alternate stages are mirrored (see Fig. 6 ). When the DNA-sequences de-hybridises from the beads, the beads in the next stage will be in the correct place for hybridisation to take place.
It can be seen that the path through the module gives the sequence's code. This means that if the DNA strands are fluorescently labelled, their path can be followed optically (e.g. Mathis et al. [7] ) and no gel electrophoresis is needed to analyse the sequence.
PROGRAMMABILITY
These Strand Transfer Modules (STM) can be programmed as outlined by means of injection, thus creating a programmable micro-fluidic computer. Labelled beads are delivered at the appropriate STM by injecting the beads in to the programming pads. If there is no connectivity between a pair of nodes, the corresponding third bead is not delivered. The delivery pattern is directly related to the connectivity matrix, from which a programming pattern can be derived. The information flow can be tracked using a sensitive CCD detection system to detect laser-induced fluorescence with intercalating dyes or labelled DNA. Because of the fluorescent information from each STM in which a correct DNA strand transfer occurs, it is possible to monitor the solution of the algorithm to its conclusion over time.
STRUCTURE AND PROCESSING
The array of cascading STMs were fabricated using a multi-step wet etching procedure [8] [9] of 4" <100> silicon substrates, which makes multiple structuring with different etching depths possible. Double sided lithography was performed using AR-P 5110 (Allresist GmbH, Germany). Anisotropic etching of silicon is performed in a 25% wt. TMAH (Tetra-methylammoniumhydroxide, Riedel de Haehn) solution at 80°C. The etched wafer is sealed at the back with an anodically bonded pyrex glass wafer. Capillary tubing (0.8 mm diameter) is attached through ultrasound drilled holes in the pyrex wafer and fixed with a specifically developed adhesion technique for polyethylene tubes. The front side of the microreactor array, including the bead injection pads and the delivery channels, are made in PDMS. The following technological steps are performed. A multi-depth master was fabricated by photo-lithographic patterning of a negative photoresist (SU 8-50, Microlithography Chemical Corp. Newton, MA) using two different photo-emulsion masks. A specified amount of PDMS prepolymer (Sylgard 184, Dow-Corning) is then cast against the master. Curing the polymer and releasing it from the master yields a replica containing the bead delivery structures required (Fig. 7) . The structures are sealed respectively combined irreversibly by oxidising the PDMS mould and the silicon wafer, were after they are brought into contact.
The supply channels width on the front and the backside are wider to reduce the flow resistance and pressure drops in the complete structure. The channel width in the STMs is 100 P 7R HWFK WKURXJK WKH P WKLFN VLOLFRQ ZDIHU etching pads on the front (400 x 400 P DQG RQ WKH EDFN x P DUH PDGH DV WR REWDLQ KROHV RI 400 x 400 P WKH VDPH ZLGWK DV WKH 670VXSSO\ FKDQQHOV RQ WKH IURQW RI WKH VLOLFRQ VXEVWUDWH
SET-UP OVERVIEW
To set up a DNA-computer in a micro-flow system puts high demands on the control system, an overview of which is presented in Fig. 8 . To distribute the DNA template and buffer solutions to the wafer, a liquid-handling system is connected. It consists of a pipetting robot and a series of multi-position valves which control the solution distribution. Flow rates will be smaller then 1 OPLQ 7KLV FDQ UHDGLO\ EH PDGH SDUDOOHO IRU IXOO VFDODELOLW\ 3ULRU WR LPSOHPHQWDWLRQ of a optical programming technique [1, 9] , a pipetting robot is used to mix the 2N different magnetic beads with immobilised ssDNAs in the correct configuration on a micro-titerplate, from where they can be delivered in to the beads injection pads . The wafer is mounted on an xy-translation stage so as to address all the STMs individually. A detection system consisting of a CCD camera for a general overview and a microscope for detailed pictures is in place.
The beads are moved by a magnet which sweeps over the DNA-computer's surface. This sweep clocks the serial steps of the computation, from one stage to the next, which is pipelined to increase throughput. 
CONCLUSION
Microflow reactors will prove to be a powerful tool to construct a programmable parallel DNA computer. The main advantages are the programmability, the low energy consumption and the integration abilities (while operating under steady flow) with no dependent pipetting steps in running mode. Future reactor configurations can potentially be made re-configurable and evolvable to obtain an universal programmable DNA-computer and solve moderate sized instances of any NP-complete problem [10] .
